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Abstract 
 
It is strong Coulomb effects in carbon nanotubes that lead to formation of the so-called “bright” and 
“dark” (forbidden one-photon optical transition) exciton states, and dramatically decrease the efficiency 
of one-photon light emission via trapping of the carriers by “dark” states. We demonstrate that the proper 
use of these “bright” and “dark” exciton states with distinctively different recombination times may turn 
the situation around: the use of quantum coherence and multiphoton schemes of excitation potentially not 
only allow one to efficiently manipulate the dark states , but can also create conditions for efficient light 
generation in different frequency regions, produce “slow” or “fast” light, implement quantum light 
storage, media with a negative refractive index, and other quantum-optical regimes. Possible quantum-
optical carbon nanotube devices have a potential for suitable performance at elevated temperatures, 
because the binding energies of excitons in single-walled nanotubes are hundreds-of-meV high. 
 
OCIS Codes: 270.0270 Quantum optics, 160.4236 Nanomaterials, 020.1670 Coherent optical effects 
 
 In this letter, we have shown that the specific properties of excitons in single-walled carbon 
nanotubes (SWNT) [1] allow us to apply the well-developed “arsenal” of quantum optics [2,3] for more 
detailed studies of these excitons.  We have proposed several schemes of quantum coherence generation 
in the exciton system of SWNTs and discussed the conditions of possible “proof-of-principle” 
experiments. The key idea of our proposal is the application of correlated multiphoton excitation to 
SWNTs for the achievement of the coherent population trapping related regimes. We have demonstrated 
that the features of exciton states in semiconductor SWNTs provide the possibility of the implementation 
of carbon nanotubes as a new material for quantum optics.  
 Carbon nanotubes show various properties resulting from their one-dimensional (1D) structure 
[1]. The strong exciton-binding effects in one-dimensional insulators dominate the density of states 
effects in optical spectra [4-9]. The doubly degenerate nature of the valence and conduction bands in 
SWNT results in four nearly degenerate excitonic substates for each quantum state of the exciton. Such 
nearly degenerate excitons are composed of one bright (one-photon allowed) and three dark (one-photon 
forbidden) excitons [5-9] (see Fig.1).  
 The radiative recombination of the dark states, which are the lowest energy exciton states in 
carbon nanotubes, is dramatically suppressed due to the trapping of carriers by “dark” states. The role of 
“dark” excitons was recently revealed, and several methods of modification SWNT optical properties via 
the “brightening” of “dark” excitons have been demonstrated [7,8].  Summarizing the existing knowledge 
about properties of “bright” and “dark” excitons without rigorous detailization of  influence of  diameters 
and chiralities on these parameters, we have to point out the known ranges of  important parameters: 
according to time-resolved measurements, the radiative recombination times for “bright” excitons are in 
hundreds of fs - tens of ps range, the radiative recombination times for “dark” excitons are somewhere 
between sub-ns - hundreds of ns/microsecond range [6,10]. The nonradiative recombination is dominant 
in nanotube bundles but may be efficiently suppressed in separated nanotubes.  
 The “dark”/”bright” splitting is of the order of several meV-tens of meV depends on diameter and 
chirality [6,8]. The values of dipole moment for optical transitions are of the order of several eA [11],  
and change depends on diameter and chirality of nanotubes [6]. The binding energies of excitons in 
SWNTS are of the order of several hundreds of meV [6].The detailed knowledge about exciton states is 
far from being complete, but the existing data already allows us to make the clear conclusion: carbon 
nanotubes are a promising medium for quantum optics. Large dipole moments of optical transitions and 
the existence of “bright” and “dark” states with distinctively different recombination times allow us to 
propose several multiphoton schemes for quantum coherence-based manipulation of exciton states. 
 Let us note that the difference between relaxation rates is very unique and promising for 
applications to quantum optics where the coherence plays a very important role. Quantum 
coherence effects have been a focus of research activities for the last two decades because they 
may drastically change the optical properties of a medium. For example, electromagnetically 
induced transparency (EIT) [2,3,12], predicted and observed in CW and pulsed regimes [13,14], 
practically allows absorption to vanish. EIT has been successfully demonstrated under different 
experimental conditions in different atomic, molecular, and solid-state systems at different 
wavelength regions.   
 The nonlinear response of a resonant atomic medium at moderate optical intensities can 
be strongly enhanced by induced quantum coherence between long-lived sublevels of the ground 
state [13,14]. In order to develop bright sources for efficient generation of IR and FIR/THz 
pulses [15], it is possible to manipulate a coherent medium and produce optical pulses at rates 
faster than the relaxation rates of the medium [16]. Also, the nonlinear properties of such media 
are enhanced, allowing the implementation of quantum light storage [17], nonlinear optics at a 
few photon level [18,19], and other nonlinear effects [20].   
 The typical schemes of excitation which can demonstrate coherent effects are shown in Fig.1.  
The quantum coherence, which is responsible for enhancement of nonlinear effects, is given [3] by  
 
                     (1) 
where na, nb, and nc are the populations in levels a, b, and c correspondingly; nab = na −nb, nca = nc −na; 
Ω=dE/ħ is the Rabi frequency for driving transition with the dipole moment d; Γab = γab +iδωp; Γca = γca 
+iδωd; Γcb = γcb +i(δωp−δωd); δωp= ωab −νp is  the detuning of the probe field; δωd = ωac −νd is the detuning 
of the drive field; γab and γca are the relaxation rates (inverse relaxation times) for high frequency 
transitions, and γcb is the relaxation rate of coherence between levels b and c.  
As seen from Equation (1), the physics of coherent effects is based on the formation of the so-
called coherent population trapping (CPT) state |ΨCPT>, given by 
 
|ΨCPT>  =(Ω1|b> - Ω2|c>)/(Ω12 + Ω22)1/2        (2) 
 
where the Rabi frequencies have been defined above. The excitation of the dark state is limited by the 
relaxation rates in the system. In order to overcome the relaxation rates, the coherent fields (optical, IR 
and far-IR) should be strong enough. Namely, the Rabi frequencies should meet the following condition 
(see details in [3] ) 
Ω12 + Ω22 > γcb Γab                    (3) 
 
where γcb is the relaxation of the CPT state and Γab is the relaxation of the “optical” transition. For 
example, for the scheme shown in Fig.1(A), Ωab=Ω1, Ωac=Ω2, δωp= δωd= ∆1.  The Rabi frequency is 
related to the radiation intensity P as: 
 
Ωαβ=dαβE/ħ ≈ 5·109 P1/2    (4)  
  
We can estimate the power that is necessary to achieve the  CPT regime in carbon nanotubes (CNTs) 
taking the relaxation of the long-lived exciton state γcb-1  in the range of 1 µs – 30 ns range, and  the 
relaxation at optical transition Γab of the order of 1012 s-1 [6,10]. For a magnitude of the dipole moment, 
we use dαβ ~6 eA [11].  Thus, the power P can be estimated to be larger than a threshold value laying in 
the range given by the range of relaxation rates known at this time (more research on relaxation times 
should be done) from 0.2 to 20 W/cm2. For pulsed lasers, this level of power is easily reachable (for 
example, for a 1 µJ pulse of 1 ps duration, the intensity is 106 W/cm2).  
 The above estimates show a promise that the coherent effects can be implemented in CNTs. 
Then, the demonstration of the CPT can be served as a key experiment providing the proof-of-principle 
demonstration of coherent effects for such objects. The first experiment we suggest is to demonstrate the 
effect of CPT by observing modulation of fluorescence or optical transmission (using, for example, the 
scheme (A) of Fig.1). Let us note here that the ratio of γcb/ Γab in carbon nanotubes is even better than in 
atomic gases [2,3,12]. The use of femtosecond laser pulses allows one to implement stimulated rapid 
adiabatic passages (STIRAP) [12] in CNTs providing the quantum control of the system [18].  
 Let us note that the energy threshold required to observe coherent effects can be even less, taking 
into account that the size of CNTs is very small, meaning the actual energy interacting with CNTs is even 
smaller. In principle, CNTs can efficiently interact with single photons. To enhance efficiency of 
interaction between CNTs and radiation, an individual CNT can be placed in an optical resonator (see 
Fig.2) where, in principle, even interaction with single photons may be sufficient for the achievement of 
conditions for the observation of quantum-optical effects. This decreases the necessary intensity even 
further and opens even more applications of CNTs as sources and detectors for single photons.  
 The demonstration of high efficiency for quantum coherence-enhanced nonlinear interaction 
should be the first step of research (the resonant enhancement of optical nonlinearity in CNTs was 
recently reported in [24]). As the next step, the CNTs can be used for bright source of radiation generated 
through coherent nonlinear optical mixing [15,16]. Enhancement of efficiency in quantum-coherence 
based mechanisms of light generation is well-known [3,15,16]. Another reason of enhancement is the 
possibility to bypass the selection rule limitations: in a majority of cases, the systems with forbidden 
single-photon transitions are free of these limitations for multiphoton processes. In the case of carbon 
nanotubes, we can create an efficient tunable source of coherent radiation, which can potentially cover the 
frequency regions far from the band-gap energies of SWNTs. In particular, for the case of the double-
Lambda scheme ((B) in Fig.1), we can suggest an experiment on the generation of single photons of IR 
radiation using coherent preparation of SWNTs by beams Ω1 and Ω2, and probing the system by the beam 
Ω3 . As a result, we should generate IR radiation Ω4. This experiment will open up new opportunities in 
investigations of dark exciton states, provide an alternative way of determining bright-dark splitting 
energies, and help to reveal other features of dark exciton states in SWNTs. To a larger extent, the 
proposed experiment may allow us to solve the important problem of carbon nanotube optoelectronics- 
the creation of efficient carbon nanotube-based source of coherent radiation. 
   Other proposed quantum-optical schemes (see Fig.1) also may lead to new promising applications 
of SWNTs in optics and optoelectronics. In particular, the N-scheme is good for quantum computing, 
slow-fast light, quantum control, and achievement of a modified positive and negative index of refraction 
[17,20]. Use of the N scheme allow us to obtain entanglement between “bright” and “dark” states and  
monitor, maintain, or change the degree of coupling [25] between “dark” and “bright” states by external 
light pulses. It is important to point out that in carbon nanotubes, due to high binding energies of excitons 
(usually at least several times higher than the energies in nanosystems on the basis of “classical” 
semiconductors), all these effects have a chance to be realized at elevated temperatures. 
 An individual SWNTs can be electrically contacted and implemented into different electron 
transport devices [21,22] ( see also Fig.2). SWNTs look like a promising system (after quantum dot 
systems [26]) where quantum coherence may be controlled and modified not only via optical beams, but 
also via applied/measured voltages and currents. SWNTs can be a good “interface” between electronics 
and “classical”, “all-optical” quantum optics. In addition, we would not rule out the possibility of using 
colloidal suspensions of SWNTs in different liquids and may be even in some solid matrices: in the case 
of reasonable separation of nanotubes and in the case of reasonably small dispersion of chiralities and 
diameters, the effect described above may also be observed and used. 
 To summarize, we report on proposed experiments demonstrating the quantum coherence effects 
on CNTs at various configurations ranging from the single-photon level, to the development of 
methamaterials using CNTs. We have shown that CNTs are a new material for quantum optics. Many 
applications of the coherent effects known for atomic and molecular media can be realized in CNTs. Even 
more, because the ratio of the relaxation rates in the exciton system is favorable, these effects can be even 
stronger than the effects in the well-known coherent media. The attractive feature of carbon nanotubes is 
the possibility of combining quantum-optical and electrotransport methods for manipulations with 
quantum states.  
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gratefully acknowledge the support from the NSF grant EEC-0540832 (MIRTHEERC), the Office of 
Naval Research, the Robert A. Welch Foundation (Grant #A1261), and the LANL-NMT MOU program 
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FIGURE CAPTIONS 
 
Fig. 1. Energy diagrams and some of the possible schemes of quantum coherence preparation in the 
exciton system of semiconductor single-walled nanotubes.  An excited electron band in use is labeled by 
Ejj (j=1,2,..). Here (A) is one of the possible Lambda-schemes, (B) is the double-Lambda scheme , (C) the 
N-scheme, and (D) is the Ladder-Lambda scheme.  The positions of the states are not exact. Symbols on 
the diagrams indicate the following: Ω1,…,4- are the Rabi frequencies of optical beams involved in the 
preparation of coherence and/or representing new radiation generated in a process,  ∆1,2  are the values of 
detunings from a free electron state or from a bright exciton state correspondingly. In the case (A) ( see 
the details of discussion in the text) the generated coherence may be monitored via modulation of 
absorption or via modulation of intensity of  “bright” exciton photoluminescence.  
 
 
 
 
 
Fig.2. Possible experimental implementation of an SWNT excitonic quantum-optical device (a light 
modulator, detector, or emitter). Here, 1 is  a suspended SWNT, 2 is a trench-structurized substrate (for 
example a SiO2-coated heavily doped Si which also works as a backgate for SWNT), 3- source/drain and 
potential contacts to SWNT; 4-4 and 5-5 – mirrors forming optical cavities for corresponding quantum 
coherence-preparing  and/or pump/probe optical beams. These mirrors should be positioned, oriented, and 
aligned in accordance with the particular variant of selected coherence-preparation scheme, with the 
diameter and chirality of the SWNT, and in accordance with the momentum conservation law for 
participating photons. Logically, a SWNT should be positioned in the areas of maximal focusing of 
participating beams. Therefore, the mirrors may be located around a SWNT transistor or even directly 
integrated with such a transistor and positioned in a Si/SiO2 substrate trench. Alternative variants of 
device construction could be either just a SWNT field-effect or bipolar transistor [21,22] interacting with 
free-propagating beams focused on the SWNT [23], or different variants of constructions using surface 
plasmons (metallic stripes or nanoparticles positioned in the vicinity of a SWNT ). In the case of using 
plasmonic structures, the design of the device may be more complicated because of the necessity to take 
dispersion-related effects into account. 
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